In this study, we tested the hypothesis that cerebral hypoperfusion after asphyxia and induced hypothermia is associated with reduced circulating nitrite levels as an index of nitric oxide synthase (NOS) activity. The preterm fetal sheep at 0.7 gestation (103-104 days, term ¼ 147 days) received 25-minute umbilical cord occlusion, followed by mild whole-body cooling from 30 minutes to 72 hours after occlusion. Occlusion and induced hypothermia were independently associated with reduced carotid vascular conductance (CaVC) from 2 to 72 hours, and with transiently suppressed plasma nitrite levels at 6 hours. There was a significant within-subjects correlation (r 2 ¼ 0.33, P ¼ .002) between CaVC and plasma nitrite values in the first 24 hours after occlusion but not after sham occlusion. These findings suggest that in preterm fetal sheep, changes in NOS activity are an important mediator of changes in carotid vascular tone in the early recovery phase after asphyxia and may help mediate some of the vascular effects of induced hypothermia.
Introduction
Although the causes of preterm brain injury are undoubtedly multifactorial, perinatal asphyxia remains an important contributor. 1, 2 In term infants, mild induced hypothermia improves survival without disability after moderate to severe hypoxiaischemia at 18 months of age. 3 There is now preclinical evidence that induced hypothermia after asphyxia is neuroprotective in preterm fetal sheep, 4, 5 but there are no data on preterm infants because of historical concerns about potential adverse effects, such as intracranial hemorrhage, during cooling in preterm infants. 6 Thus, it is important to better understand the determinants of hemodynamic changes in the immature brain.
Neuroprotection with hypothermia induced after cerebral ischemia in term-equivalent fetal sheep, and after asphyxia in the preterm fetus, is associated with a transient exaggeration of secondary cerebral hypoperfusion. 5, 7 Although this presumably partly reflects autoregulatory adjustment to reduced metabolism during cooling, 8 there is evidence that hypothermia prevents the acute increase in nitric oxide (NO), a key systemic vasodilator, 9, 10 immediately after hypoxia-ischemia in the piglet. 11 Potentially, this may be one of the mechanisms by which perfusion is matched to metabolism during hypothermia. Further, hypothermia suppressed inducible and constitutive NO synthase (NOS) after traumatic brain injury in adult rats. 12 Nitric oxide is metabolized rapidly in vivo, precluding direct measurement of NO in the chronically instrumented fetal sheep. The predominant products of NO metabolism are nitrite and nitrate. Plasma nitrite is derived primarily from the oxidation of NO produced by endothelial NO synthase (eNOS), whereas, in contrast, a significant portion of plasma nitrate is derived from non-NO sources. 13 Thus, plasma nitrite levels are a more sensitive in vivo index of eNOS activity than the sum of plasma nitrite and nitrate levels 13 and rise and fall in response to increases and decreases in endothelial activity. 13, 14 Nitrite also has particular significance during hypoxia as a number of pathways have been described for conversion of nitrite to NO under hypoxic conditions, 15, 16 and so, nitrite may act as a circulating substrate for vasodilation.
Thus, the primary aim of this study was to determine whether asphyxia and hypothermia-related secondary hypoperfusion were associated with changes in plasma nitrite in 0.7 gestation preterm fetal sheep. Since we hypothesized that plasma nitrite provides an index of eNOS-mediated vasodilation, we examined the relationship between plasma nitrite levels and changes in vascular tone as measured by carotid vascular conductance (CaVC). Brain development at this age is broadly consistent with 28 to 32 weeks in humans, before the development of cortical myelination. 17 
Methods

Fetal Surgery
All animal procedures were approved by the Animal Ethics Committee of The University of Auckland, New Zealand. Thirty-five time-mated singleton Romney/Suffolk fetal sheep were instrumented between 97 and 99 days gestation (term ¼ 147 days). Food but not water was withdrawn 18 hours before surgery. Ewes were given 5 mL of streptocin (procaine penicillin [250 000 IU/mL] and dihydrostreptomycin [250 mg/mL], Stockguard Labs, Hamilton, New Zealand) intramuscularly for prophylaxis 30 minutes before the start of surgery. Anesthesia was induced by intravenous (iv) injection of Alfaxan (alphaxalone, 3 mg kg À1 ; Jurox, Rutherford, New South Wales, Australia). After intubation, general anesthesia was maintained with 2% to 3% isoflurane in O 2 . During surgery, the depth of anesthesia and maternal respiration were constantly monitored by trained staff. A 20-gauge catheter was placed in a maternal front leg vein for the duration of the surgery, and the ewes were placed on a constant infusion of isotonic saline to maintain maternal fluid balance (250 mL/h).
All surgical procedures were performed using sterile techniques as described previously. 5, 18 Briefly, catheters were placed in the left femoral artery and vein for measurement of arterial and venous blood pressures, the right brachial artery for preductal blood sampling, and the amniotic sac. A pair of electrodes was placed across the fetal chest to measure the fetal electrocardiogram and fetal heart rate (FHR). A 3S ultrasound blood flow probe (Transonic Systems, Ithaca, New York) was placed around the left carotid artery to measure the carotid artery blood flow (CaBF) as an index of cephalic blood flow. [19] [20] [21] A thermistor (Incu-Temp-1, Mallinckrodt Medical Inc, St Louis) was placed over the parasagittal dura 20 mm anterior and 5 mm lateral to bregma and a second thermistor placed in the esophagus at the level of the right atrium. An inflatable silicone occluder (In Vivo Metric, Healdsburg, California) was placed around the umbilical cord of all fetuses. A cooling coil made of silicone tubing (length, 4 m; external diameter, 7.9 mm; internal diameter, 4.8 mm; Degania Silicone, Degania, Bet, Emek Hayarden, Israel) was tied into place over the back and side of the fetal trunk.
The uterus was then closed and antibiotics (80 mg gentamicin, Pharmacia, Auckland, New Zealand) were administered into the amniotic sac. All fetal catheters and leads were exteriorized through the maternal flank. The maternal laparotomy was closed and the skin incision infiltrated with local analgesic (10 mL 0.5% bupivacaine plus epinephrine, AstraZeneca, Auckland, New Zealand). The maternal long saphenous vein was catheterized.
Following surgery, sheep were housed together in separate metabolic cages with access to water and food ad libitum, in a temperature-controlled room (16 C + 1 C, humidity 50% + 10%), in a 12-hour light-dark cycle. Antibiotics were given daily for 4 days iv to the ewe (600 mg benzylpenicillin sodium [Novartis, Auckland, New Zealand] and 80 mg gentamicin). Postoperative recovery of 4 to 5 days was allowed before the experiments. The health and welfare of all animals were closely monitored by the researchers daily and supervised by the University veterinarian. Fetal vascular catheters were maintained patent by continuous infusion of heparinized saline (20 U/mL at 0.15 mL/h), and the maternal catheter patency was maintained by daily flushing.
Experimental Design and Recordings
Recordings. All signals were acquired at 512 Hz, processed online, and stored to disk as 1-minute averaged intervals by custom software (Labview for Windows, National Instruments Inc, Austin, Texas). Fetal mean arterial pressure (MAP), corrected for maternal movement by subtraction of amniotic fluid pressure (Novatrans II MX860, Medex Inc., Hilliard, Ohio), FHR, extradural and core (esophageal) temperature, and CaBF were recorded continuously from 12 hours before, until 7 days (168 hours) after experiments. Carotid vascular conductance was calculated as CaBF/MAP, in order to examine changes in vascular tone. Conductance was calculated instead of the reciprocal, vascular resistance, because conductance changes are more linear. 22 Experimental protocol. Experiments were conducted at 103 to 104 days gestation. Fetuses were randomly assigned to shamnormothermia (n ¼ 7), occlusion-normothermia (n ¼ 10), occlusion-hypothermia (n ¼ 11), and sham-hypothermia (n ¼ 7). Fetal asphyxia was induced in both occlusion groups by rapid inflation of the umbilical cord occluder for 25 minutes. 18 Successful occlusion was confirmed by rapid onset of fetal bradycardia. Fetal arterial blood (0.4 mL/sample) was taken at 15 minutes before occlusion, at 5 and 17 minutes during occlusion (or sham occlusion), and 10 minutes, 1, 2, 4, 6, 24, 48, 72, 96, 120, 144, and 168 hours postocclusion for pH and blood gases (Ciba-Corning Diagnostics 845 blood gas analyzer and co-oximeter, East Walpole, Massachusetts) and for glucose and lactate determination (YSI model 2300, Yellow Springs, Ohio). The blood gas measurements collected for all hypothermia groups were corrected for temperature. Samples for nitrite measurement (0.5 mL/sample) were taken 15 minutes before occlusion and 2, 6, 24, 48, 72, 96, 120, 144, and 168 hours postocclusion.
Intrauterine body cooling was induced by circulating cold water (*10 C) through the cooling coil around the fetal body,
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Reproductive Sciences 21 (12) from 30 minutes to 72 hours after the end of occlusion. 23 Cooling was titrated in the first 2 hours to reduce fetal extradural temperature from 39.4 C + 0.1 C to 36 C to 37 C. At the end of cooling, fetuses were allowed to spontaneously rewarm for 2 hours. The ewes and fetuses were killed by overdose of sodium pentobarbitone 7 days after occlusion (9 g, iv to the ewe; Pentobarb 300, Chemstock International, Christchurch, New Zealand).
Plasma Nitrite Measurements
Plasma (300 mL) was deproteinized by addition of an equal volume of methanol followed by vortexing and centrifugation for 10 minutes at 14 000 rcf. The resulting supernatant was then injected into a purge vessel containing acidified tri-iodide solution to reduce nitrite to NO. 15, 24 The tri-iodide was sparged with a stream of argon gas that carried the resulting NO gas into a chemiluminescence analyzer (Sievers 280i NO Analyzer, GE. Analytical Instruments, Boulder, Colorado). Nitrite concentrations were then quantified by comparison with injections of known nitrite standards. The assay allows the quantification of nitrite concentrations >10 nmol/L with a precision of +5 nmol/L and does not detect nitrate at concentrations <1 nmol/L.
Data Analysis and Statistics
Off-line analysis of the physiological data was performed using custom analysis programs (Labview for Windows, National Instruments Inc, Austin, Texas). One-hour average data were calculated, and the baseline period was taken as the mean of the 12 hours before occlusion. The effects of hypothermia and asphyxia on fetal cardiovascular parameters, plasma nitrite, and blood composition data were evaluated by analysis of variance (ANOVA). Changes over time were treated as repeated measures. Baseline values were included as a covariate (SPSS version 18; SPSS, Chicago, Illinois). The Sidak post hoc test was used when a significant overall effect of group or an interaction between group and time was found. The within-subjects' correlation between CaVC and plasma nitrite was calculated by the method of Bland and Altman. 25 We analyzed changes in the first 24 hours after occlusion and after rewarming (from 72-96 hours) separately because of the significant maturational increase in CaVC between these times. 26, 27 Statistical significance was accepted when P < .05. Data are mean + standard error of the mean.
Results
There were no significant baseline differences between groups. Umbilical cord occlusion was associated with profound fetal hypoxia, hypercarbia and acidosis (Table 1) , bradycardia, transient hypertension followed by hypotension, and cephalic hypoperfusion (not shown) that resolved rapidly after release of occlusion ( Figure 1 ).
Effect of Cooling on Brain and Body Temperature
Cooling was associated with a fall in core (esophageal) temperature within an hour after the onset of cooling; reaching a nadir of 35.7 C + 0.6 C in the occlusion-hypothermia group and 36.7 C + 0.4 C in the sham-hypothermia group (NS vs occlusion hypothermia) compared to 39.0 C + 0.1 C in the sham-normothermia group (P < .05 vs both hypothermia groups; Figure 1 ). Similarly, extradural temperature fell to a nadir of 36.9 C + 0.5 C in the occlusion-hypothermia group and 37.2 C + 0.4 C in the sham-hypothermia group (compared to 39.0 C + 0.1 C in the sham-normothermia group; P < .05, not shown). There were no significant differences between the sham-normothermia and occlusionnormothermia groups. The core and extradural temperatures remained stable during the period of cooling.
Cardiovascular Changes
After release of occlusion, there was initial rapid recovery in MAP, FHR, and CaBF. Fetal heart rate was reduced in the occlusion-hypothermia group compared to the occlusionnormothermia and sham-normothermia groups from 1.5 to 78 hours after occlusion (P < .05; Figure 1 ). In contrast, the sham-hypothermia group developed a transient tachycardia from 1.5 to 3 hours compared to occlusion-normothermia and occlusion-hypothermia groups but not the sham group (P < .05), followed by reduced FHR compared to shamnormothermia and occlusion-normothermia groups from 30 to 72 hours after occlusion (P < .05). There were no significant differences between groups after 78 hours. Mean arterial pressure was transiently reduced after occlusion-hypothermia compared to sham-normothermia at 0.5 hours (P < .05; Figure 1 ) and then significantly increased compared to sham-normothermia and sham-hypothermia from 1 to 2 hours. The 2 occlusion groups showed increased MAP compared to the sham occlusion groups from 12 to 54 hours after occlusion (P < .05); there was no effect of hypothermia (2-way ANOVA). There were no significant differences between groups after 54 hours.
Over the study period, carotid artery blood flow increased progressively in the sham-normothermia group, with a parallel increase in CaVC (P < .001; repeated measures ANOVA). Occlusion and hypothermia were independently associated with a marked reduction in CaBF and CaVC from 2 hours to approximately 72 hours (P < .01, for both factors; ANOVA, Figures 1 and 2) . After rewarming at 72 hours, the occlusionhypothermia and occlusion-normothermia groups showed lower CaVC than the sham-normothermia group until *120 hours; subsequently, there were no significant differences between the groups.
Nitrite Data
There was no significant change in plasma nitrite values in the sham-normothermia group (Figure 2 ). Sham-hypothermia was Barrett et al 1485 associated with a transient fall in nitrite values at 2 and 6 hours (P < .05) that resolved by 24 hours. Occlusion-normothermia and occlusion-hypothermia were associated with significantly lower plasma nitrite values than sham-normothermia at 6 hours (P < .05). Subsequently, the occlusion-normothermia group showed significantly greater nitrite levels than the occlusionhypothermia group from 24 to 72 hours. Within-subjects' regression analysis of the relationship between plasma nitrite and CaVC (% baseline) in the first 24 hours after occlusion suggested no significant overall relationship in the shamnormothermia (P ¼ .77) or the sham-hypothermia groups Figure 3 ), whereas the 2 occlusion groups showed a significant relationship (r 2 ¼ 0.33, P ¼ .002). During and after rewarming, the sham-hypothermia group showed a significant relationship between nitrite values and CaVC (r 2 ¼ 0.80, P ¼ .013), but no significant relationship was seen in the other groups.
Discussion
The present study demonstrates that changes in plasma nitrite levels are significantly correlated with evolving changes in CaVC after severe asphyxia in the preterm fetal sheep. There was an initial, transient fall in nitrite levels in the first 2 to 6 hours after occlusion in both the normothermic and the hypothermic occlusion groups, corresponding with a marked secondary fall in CaVC. Although the fall in nitrite levels after hypothermia and/or occlusion was temporary, there was a sustained reduction in CaVC during mild hypothermia compared with the normothermic control groups. Strikingly, mild induced hypothermia after umbilical cord occlusion was associated with suppression of the delayed increase in nitrite levels from 24 to 72 hours after occlusion that was seen in the occlusion-normothermia group. In contrast, there was no relationship between the normal maturational increase in CaVC over the course of this study and plasma nitrite levels. Further, although induced hypothermia after sham occlusion was associated with an initial fall in nitrite levels, this resolved completely by 24 hours, despite continuing reduction in conductance during cooling. Intriguingly, although the shamhypothermia group showed no significant relationship between CaVC and plasma nitrite levels during cooling, there was a significant positive relationship during rewarming. Taken together, these findings suggest that changes in eNOS activity are 1 factor contributing to the complex, evolving 1488 Reproductive Sciences 21 (12) changes in vascular tone after severe asphyxia and can be suppressed by mild hypothermia. Sham-normothermia animals showed a progressive increase in CaVC over the 7-day study period similarly to previous findings at this age. 26 This increase likely reflects new vessel growth and increased vascular cross-sectional area. 27 This temporal increase was not associated with increased plasma nitrite, consistent with the evidence that it primarily reflects factors associated with fetal growth rather than changes in NO production.
Prolonged umbilical cord occlusion triggered a prolonged period of secondary cephalic hypoperfusion starting 1 to 2 hours after occlusion, similar to previous studies in this paradigm. 5 Hypoperfusion was not associated with hypotension, and there was a corresponding sustained reduction in vascular conductance compared to sham controls, consistent with actively mediated vasoconstriction. In rats, NO release is increased immediately after hypoxia-ischemia and cerebral ischemia. [28] [29] [30] However, it is important to appreciate that these studies examined changes in the first hour of recovery, consistent with the timing of transient, rebound reperfusion, which also occurs after release of umbilical cord occlusion in fetal sheep. 5 In the present study, the delayed fall in CaVC corresponded closely with decreased plasma nitrite at 2 and 6 hours after occlusion, suggesting that reduced NOS activity is an important early mediator of delayed postasphyxial hypoperfusion.
Strikingly, this was followed by an increase in nitrite levels 24 to 72 hours after occlusion-normothermia, despite ongoing reduction in conductance compared to sham controls. The mechanism of this marked dissociation is unclear. In preterm fetal sheep, near-infrared monitoring showed a shift to excess intracerebral oxygenation despite no increase in CaBF or total hemoglobin over a similar time frame after asphyxia, consistent with relative luxury perfusion. 31 Potentially, the increase in nitrite levels may reflect local increases in NO production that contribute to changes in the microcirculation of the injured subcortical regions. 32 Interestingly, this phase was also associated with increased mean arterial blood pressure compared to sham-normothermia, that is mediated by increased sympathetic activity. 18 Speculatively, this sympathetic activation may restrict carotid blood flow, with a balancing increase in cerebral eNOS activity, in turn increasing nitrite levels. Further, in this paradigm, delayed seizures start approximately 6 to 12 hours after release of occlusion and resolve after * 36 to 72 hours. [32] [33] [34] Although in the preterm fetus, the individual events are typically relatively brief, 32 seizures can trigger increased metabolism with local vasodilation, 21 and so it is possible that they may also contribute to the secondary increase in nitrite levels.
Mild, whole-body cooling after occlusion was associated with a further, independent (ie, additive) reduction in CaBF and CaVC compared to occlusion-normothermia. After sham occlusion, hypothermia led to a transient reduction in nitrite that resolved even though the hypothermia-induced reduction in vascular conductance continued until rewarming. In contrast, nitrite levels partially recovered 6 hours after occlusion but remained markedly suppressed compared to occlusion-normothermia until after rewarming. The changes in the first 6 hours are consistent with previous findings that early hypothermia can suppress NO release 11, 35 and suggest that in the first 6 hours after asphyxia, reduced carotid conductance due to occlusion and hypothermia is mediated in part by reduced NOS activity. Conversely, during rewarming after 72 hours the sham-hypothermia group showed a significant correlation between increased carotid conductance and increased plasma nitrite values. It may be that again this reflects an appropriate physiological change in blood flow to match the increase in brain metabolism during rewarming. 8 It is unclear why the occlusion-hypothermia group did not show a significant relationship during rewarming. This may reflect the complex recovery of brain function during therapeutic hypothermia, 36 but we cannot rule out the possibility that it may be a function of variable individual responses in a relatively small cohort.
The changes from 24 to 72 hours after occlusion are more complex and must involve additional factors. 37, 38 We speculate that the combination of reduced metabolic rate 8 and inhibition of NO during hypothermia leads to increased signaling by the vasoconstrictor 20-hydroxy-eicosatetraenoic acid. Further, hypothermia can decrease the posthypoxic release of glutamate, 11 which in turn also contributes to changes in cerebral vascular tone. 37 We have previously reported that hypothermia reduces the amplitude of postasphyxial seizures, 34 and thus cooling may have helped to attenuate a seizure-related increase in metabolism. Future studies are needed to determine what signaling mechanisms hypothermia acts upon to mediate decreased CaBF. This is the first report of an apparent disconnect between eNOS activity and vascular tone in the cephalic circulation after asphyxia in normothermic animals. It is unknown whether there might be altered responsiveness to inhaled NO therapy in other beds such as the pulmonary circulation.
The finding of a significant within-subjects correlation between nitrite and carotid conductance in the occlusion groups but not the sham-occlusion groups in the first 24 hours after occlusion is in agreement with previous studies, suggesting a greater role for NO signaling after hypoxia than in normoxic animals. [39] [40] [41] A limitation of the current study is that nitrite was used as an indirect measure of NOS activity and we were not able to obtain preductal venous measurements, which can help estimate nitrite metabolism. 42 Endothelium-derived NO is oxidized to nitrite in the plasma by enzyme-mediated reactions, 43 which have been recently confirmed to be present in adult and fetal sheep plasma. 44 Under steady state conditions, up to 75% of plasma nitrite is derived from endothelial NO, making it a useful index of eNOS activity. 13 However, it is worth noting that NO metabolism may be markedly altered after ischemia-reperfusion due to increases in mitochondrial production of reactive oxygen species such as superoxide, 45 which reacts with NO at a nearly diffusion-limited rate to produce peroxynitrite. 46 Thus, it is possible that the fall in Barrett et al 1489 plasma nitrite concentrations after occlusion reflects a diversion of NO metabolism away from nitrite and toward peroxynitrite, rather than a decrease in eNOS activity. Either way, the amount of NO available for vasodilation would be reduced, leading to decreased vascular conductance.
